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Abstract ─ In this work a phase-only synthesis algorithm 
is applied for the design of lens-array antennas yielding 
a desired radiation pattern. The potential relevance of 
spillover effect on the lens radiation pattern is illustrated, 
making it necessary to include it in the lens model and to 
take it into account in the synthesis algorithm. Thus, both 
the contribution of the lens and the spillover radiation are 
jointly modeled as a planar array. Moreover, in order to 
validate the algorithm, it has been applied to the 
synthesis of pixelated dielectric lenses, which have been 
simulated using a commercial software. Simulations 
show good agreement with the algorithm results, 
validating its use for this type of lenses. 
 
Index Terms ─ Antenna array synthesis, dielectric 
antennas, lens antennas, transmitarrays. 
 
I. INTRODUCTION 
Planar lens-array antennas, also called 
transmitarrays, consist of a quasi-periodical planar array 
of printed radiating elements configured to yield a phase 
distribution that exhibits a collimating effect while 
ideally transmitting all the incident power [1-4]. Then, in 
order to achieve a desired radiation pattern, a phase-only 
synthesis algorithm must be applied to find the necessary 
phase distribution on the lens surface. Furthermore, the 
spillover radiation, which propagates in the same region 
as the radiation from the lens, may affect the antenna 
behavior. Consequently, the spillover radiation should 
be calculated and included in the synthesis algorithm and 
then taken into account to obtain the radiation pattern of 
the whole system consisting of the lens and the feeding 
element.  
Many different synthesis algorithms have been 
proposed in the literature, some of them very costly both 
in time and computational resources. However, the 
algorithm presented in [5, 6] for the synthesis of low 
sidelobe radiation patterns is very simple and fast. It is 
based on the iterative application of direct and inverse 
fast Fourier transforms, and results are given both for 
amplitude-only and complex weighted synthesis. In this 
work that algorithm will be applied to the phase-only 
synthesis of the radiation pattern of a planar lens-array 
fed by a horn antenna. The desired pattern will be 
specified by two given masks defining the characteristics 
of both the main lobe and the sidelobe level, so more 
restrictions are imposed on the algorithm convergence. 
Moreover, the effect of spillover radiation will be 
included in the synthesis algorithm. 
Finally, in this work it will also be proved that the 
proposed synthesis algorithm can be applied to the 
design of dielectric lenses consisting of variable height 
elements. Dielectric reflectarray and lens antennas have 
been recently proposed as low-loss, low-cost solutions, 
based on 3D printing technology, for millimeter-wave 
and terahertz antennas [7, 8]. 
 
II. PROPOSED APPROACH 
A. System model 
The whole antenna system consists of a feeding horn 
and the planar lens-array, as shown in [9]. The feed is 
placed at a distance 𝐹 from the lens pointing at its center 
and it is modeled as a 𝑐𝑜𝑠𝑞𝜃 function. The lens elements 
are disposed in a rectangular regular grid made up of 𝑀𝑙 
by 𝑁𝑙 elements, as shown in Fig. 1. In this figure, the 
shadowed area represents the lens, so the dots inside this 
area represent the lens elements, which are assumed to 
be isotropic. The field radiated by the feed impinges on 
these elements, which will modify the incident phase in 
order to achieve the desired far-field pattern. However, a 
part of the power radiated by the feed does not impinge 
on the lens surface since it is radiated at directions 
beyond the limits of the lens, although it will contribute 
to the final pattern and will distort it. Then, it is necessary 
to estimate its effect and include it in the synthesis 
process. Hence, the incident field from the horn will also 
be captured in a regular discrete mesh around the lens, 
represented by the dots outside the shadowed area in Fig. 
1. They may be considered as virtual array elements 
following the same regular grid defined for the lens. 
Therefore the joint effect of the lens-array and the 
spillover radiation can be modeled as an equivalent lens-
array of 𝑀𝑠 × 𝑁𝑠 elements, with 𝑀𝑠 = 𝑀𝑙 + 2Δ𝑀 and 
𝑁𝑠 = 𝑁𝑙 + 2Δ𝑁. 
Consequently the array factor (AF) would then be 
given by 
𝐴𝐹(𝑢, 𝑣) = ∑ ∑ 𝐼𝑚𝑛𝑒
𝑗𝛽𝑑((𝑚−1)𝑢+(𝑛−1)𝑣)𝑁𝑠
𝑛=1
𝑀𝑠
𝑚=1 , (1) 
where 𝐼𝑚𝑛 are the complex excitations at the elements of 
the equivalent lens-array, 𝜆 is the wavelength, 𝛽 = 2𝜋 𝜆⁄ , 
𝑑 is the element spacing, 𝑢 = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙, and 𝑣 =
𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙, being (𝜃, 𝜙) the elevation and azimuth angles 
respectively that define the far-field direction where the 
AF is being evaluated. 
 
Fig. 1. Scheme of the lens-array model including spillover 
radiation: equivalent lens-array. 
 
This model has been investigated in [9] for 
transmitarray antennas, comparing it with a Finite 
Element Method and setting the limits within which it 
can be used. 
 
B. Pattern synthesis 
The synthesis approach presented in [5, 6] is based 
on the well-known property that the AF of an antenna 
array having uniformly spaced elements is the inverse 
Fourier transform of the array element excitations. Then 
a direct Fourier transform relationship exists between the 
element excitations and the AF. 
The synthesis procedure starts by defining an initial 
set of excitations for the array elements. The feed far 
field, according to the 𝑐𝑜𝑠𝑞𝜃 model, will be given by the 
following expression 
 ?⃗? 𝐹 = 𝑗
𝑘𝑒−𝑗𝑘𝑟
2𝜋𝑟
[𝐴𝐸?̂? + 𝐵𝐻?̂?], (2) 
where 
 𝐴𝐸 = 𝐶𝐸(𝜃)𝑐𝑜𝑠𝜙,     𝐵𝐻 = −𝐶𝐻(𝜃)𝑠𝑖𝑛𝜙, (3) 
for an X-polarized feed, and 
 𝐴𝐸 = 𝐶𝐸(𝜃)𝑠𝑖𝑛𝜙,      𝐵𝐻 = 𝐶𝐻(𝜃)𝑐𝑜𝑠𝜙, (4) 
for an Y-polarized feed, with 
 𝐶𝐸(𝜃) = 𝑐𝑜𝑠
𝑞𝐸(𝜃), (5) 
 𝐶𝐻(𝜃) = 𝑐𝑜𝑠
𝑞𝐻(𝜃). (6) 
For an axial symmetric radiation pattern 𝑞𝐸 =
𝑞𝐻 = 𝑞. The feed field given by (2) must then be 
expressed in Cartesian coordinates (𝐸𝐹𝑥 ,𝐸𝐹𝑦 ,𝐸𝐹𝑧) and 
transformed to the lens coordinate system (𝐸𝐿𝑥,𝐸𝐿𝑦,𝐸𝐿𝑧) 
[10]. As a result, the incident tangential electric field on 
the lens surface (?⃗? 𝐿) is given by 
 (
𝐸𝐿𝑥
𝐸𝐿𝑦
) = (
𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛼
−𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼
) · (
𝐸𝐹𝑥
𝐸𝐹𝑦
), (7) 
with 𝛼 = 0° in case of an X-polarized feed and 𝛼 = 90° 
for Y-polarization. Expression (7) gives the initial value 
(𝐼𝑜) for the amplitude and phase of the equivalent lens-
array excitations 
 (𝐼0)𝑚𝑛 = |?⃗? 𝐿(𝑥𝑚, 𝑦𝑛)|𝑒
𝑗𝑎𝑟𝑔{?⃗? 𝐿(𝑥𝑚,𝑦𝑛)}, (8) 
being (𝑥𝑚, 𝑦𝑛) the coordinates of the element (𝑚, 𝑛). 
For this initial set of the excitations the AF is 
calculated through a 2-D inverse fast Fourier transform 
(IFFT) of 𝐾 × 𝐾 points, with 𝐾 > 𝑀𝑠, 𝑁𝑠. The obtained 
AF is then compared to the masks that define the desired 
array pattern and those AF values that do not fulfill the 
specifications are corrected by assigning them a new 
value into the specified limits. 
Applying a 2D fast Fourier transform (FFT) to the 
corrected AF, the necessary set of element excitations is 
obtained. It consists of 𝐾 × 𝐾 samples, of which 𝑀𝑠 ×
𝑁𝑠 correspond to the equivalent lens-array, so the extra 
samples are removed. After this, the remaining set of 
excitations (𝐼1)𝑚𝑛 consists of: 
1) 𝑀𝑙 × 𝑁𝑙 samples corresponding to the elements of 
the lens-array. The amplitude of these excitations is 
restored to its initial value, since only the phase is 
allowed to change: 
|𝐼1|𝑚𝑛 = |𝐼0|𝑚𝑛  
(9) 
for {
Δ𝑀 + 1 ≤ 𝑚 ≤ Δ𝑀 + 𝑀𝑙
Δ𝑁 + 1 ≤ 𝑛 ≤ Δ𝑁 + 𝑁𝑙
. 
 
2) The samples corresponding to the spillover 
radiation. They are restored to its initial value, both 
amplitude and phase, since no synthesis can be 
applied on the spillover radiation: 
(𝐼1)𝑚𝑛 = (𝐼0)𝑚𝑛 
(10) 
for {
1 ≤ 𝑚 ≤ Δ𝑀
Δ𝑀 + 𝑀𝑙 + 1 ≤ 𝑚 ≤ 𝑀𝑠
1 ≤ 𝑛 ≤ Δ𝑁
Δ𝑁 + 𝑁𝑙 + 1 ≤ 𝑛 ≤ 𝑁𝑠
. 
 
The IFFT is then applied to this new set of 
excitations, repeating iteratively the process until 
specifications are met or the maximum number of 
iterations is reached. 
 
C. Effect of spillover radiation 
Before applying the proposed algorithm to the 
synthesis of different patterns, an example will be shown 
in order to illustrate the effect of the spillover radiation 
and the convenience of including it into the synthesis 
algorithm. Let us consider a lens of 2222 elements at 
the frequency of 16 GHz, being the separation between 
elements 𝑑 = 0.5𝜆. The feed is modeled with 𝑞 = 5, and 
the 𝐹 𝐷⁄  ratio is 0.7 (being 𝐷 the side length of the lens), 
resulting in an illumination tapper of -10 dB.  
The pattern to be synthesized is a flat-top beam one 
with a ripple of 1 dB and sidelobe level under -18 dB. 
Initially the synthesis algorithm will not take into 
account the spillover radiation, that is Δ𝑀 = Δ𝑁 = 0, 
and the synthesis will be applied only on the lens-array 
elements. Then after each iteration a new set of 𝑀𝑙 × 𝑁𝑙 
samples are obtained, which are treated as indicated in 
(2), keeping the synthesized phases and maintaining the 
initial values for the amplitudes. The pattern obtained 
with the resulting phase excitations, once the algorithm 
has converged, is shown in Fig. 2 (synthesis w/o sp). It 
can be observed that it fits into the specifications. 
However, in order to prove the relevance of 
spillover radiation, its effect is added ex-post. After 
performing the phase synthesis on the lens elements, an 
equivalent lens-array is defined with 𝛥𝑀 = 0.5𝑀𝑙, 
Δ𝑁 = 0.5𝑁𝑙. The excitations of the elements 
representing the spillover radiation are given by the feed 
illumination, whereas the phases of the lens elements are 
the ones obtained with the synthesis algorithm, which 
did not have into account the spillover. Fig. 2 shows how 
the initial pattern (synthesis w/o sp) is distorted when the 
spillover effect is added (synthesis w/o sp + sp), showing 
the existence of side lobes that exceed the limit imposed 
by the mask. With this system configuration, spillover 
effects on the far-field pattern should be expected for 
values of 𝜃 greater than approximately 36º, since the 
maximum incidence angle on the lens surface is given by 
𝑡𝑎𝑛−1(0.5𝐷 𝐹⁄ ). The appearance of these higher level 
lobes for 𝑢, 𝑣 > 0.6 agrees well with this estimation. 
To validate these results a dielectric lens was 
designed from the phase synthesis results, following a 
process similar to the one described in [7]. The design of 
the dielectric lens can be viewed as an array of dielectric 
slabs with different heights, which will depend on the 
aperture. Furthermore, in order to minimize the 
shadowing effects, the elements with maximum height 
should be placed at the center of the lens. Therefore it 
may be necessary to add a phase constant to the original 
phase provided by the synthesis algorithm. 
This lens was simulated with FEKO software [11] 
using Geometrical Optics (GO) approximation. A 
dielectric lens has been chosen because GO analysis of 
the dielectric lens is much faster than full-wave 
simulation of a transmitarray. Furthermore, dielectric 
lenses have gained much attention due to their simple 
manufacture with current 3D printing technology and 
their potential suitability for mm-wave and terahertz 
frequencies [7, 8]. The simulation results are also 
included in Fig. 2 (GO simulation), presenting also 
important side lobes around the mentioned angles. This 
proves the need of including the spillover effect in the 
synthesis process. 
 
 
(a) 
 
 
(b) 
Fig. 2. Effect of spillover radiation. Main cuts for (a) 𝑣 =
0, (b) 𝑢 = 0. 
 
III. RESULTS 
Once the effect of the spillover in the lens radiation 
pattern has become evident, the same pattern will be now 
synthesized taking that effect into account. For that, Δ𝑀 
and Δ𝑁 have been chosen to be 0.5𝑀𝑙 and 0.5𝑁𝑙  
respectively, resulting in 𝑀𝑠 = 𝑁𝑠 = 44. In order to set 
the value of Δ𝑀 and Δ𝑁, a study was carried out to 
analyze the effect of varying the size of the plane where 
the incident field from the feed is captured outside the 
lens-array. Then, for a given lens-array, the radiation 
pattern of the equivalent lens-array has been obtained for 
different sizes of the spillover grid. Some variations on 
the results were observed when increasing the size until 
reaching an illumination tapper of -32 dB on the edge of 
the equivalent lens-array. From there, no significant 
differences were appreciated when increasing the 
number of points on the spillover grid. For the example 
under study, the illumination on borders of the 4444 
equivalent lens-array is -31 dB relative to the 
illumination on the center of the lens. 
Fig. 3 shows the radiation pattern obtained once the 
algorithm has converged. Direct and inverse FFTs of 
256256 points were used and 977 iterations were 
needed so that-all far field directions fulfilled the masks, 
taking 22.5 seconds in a personal laptop with no special 
features. The necessary phase distribution on the lens 
surface is represented in Fig. 4(a). With this new 
synthesized phase, after adjusting it as commented in 
Section II, a new dielectric lens was designed and 
simulated with FEKO. The resulting lens is depicted in 
Fig. 4(b). Since a planar array model is being considered, 
the phase range of the dielectric lens has been limited to 
360 degrees in order to have a quasi-planar lens and 
ensure the viability of the model. The results of the 
synthesis model and the simulation of the dielectric lens 
are compared in Fig. 5. Both patterns are very similar and 
fit well into the limits given by the masks, proving that 
the effect of the spillover radiation has been efficiently 
corrected. Similar results could have been obtained with 
different lens sizes, even smaller than the analyzed here. 
Simulations carried out in this study showed that the 
smallest lens to obtain this pattern should have 1414 
elements if 𝑞 = 5 or 1212 elements for 𝑞 = 10. Both 
the value of 𝑞 used in the feed model and the constraints 
imposed by the desired pattern will impact on the 
necessary number of array elements and also on the 
number of iterations needed for convergence. 
The proposed algorithm was also applied to the 
synthesis of an isoflux pattern. In this case, the lens was 
made up of 3838 unit cells, also with a periodicity of 
0.5𝜆 at the frequency of 16 GHz, and the feed was 
modeled with 𝑞 = 10. The 𝐹 𝐷⁄  ratio was kept at 0.7, 
and Δ𝑀 = Δ𝑁 = 0.5𝑀𝑙, turning out in an illumination 
tapper of -20 dB on the lens-array and -52 dB on the 
equivalent lens-array. Fig. 6 shows both the synthesized 
phase and the dielectric lens designed to validate the 
model with GO simulation. The 3D pattern obtained with 
the synthesis algorithm can be seen in Fig. 7. This result 
required 300 iterations, also with 𝐾 = 256, and a 
computing time of 7.5 seconds. One of the main cuts is 
compared with the dielectric lens simulation in Fig. 8, 
showing a great concordance and good fulfilment of 
specifications. There is only a small discrepancy 
between the algorithm and the simulation since the slope 
of the main beam for the simulated dielectric lens is not 
as vertical as required between -10 and -15 dB. 
 
 
Fig. 3. 3D flat-top beam pattern obtained from phase-
only synthesis algorithm. 
 
 
(a) 
 
 
(b) 
Fig. 4. (a) Synthesized phases, and (b) 3D model of 
dielectric lens for the flat-top beam pattern. 
 
Fig. 5. Cut 𝑢 = 0 for flat-top beam pattern. 
 
 
(a) 
 
 
(b) 
Fig. 6. (a) Synthesized phases, and (b) 3D model of 
dielectric lens for the isoflux pattern. 
 
VI. CONCLUSION 
A simple and fast phase-only synthesis algorithm 
has been proposed for the synthesis of lens-array 
antennas. The algorithm includes the effect of the 
spillover radiation, modeling the joint effect of the lens-
array and the spillover as an equivalent lens-array, and 
applying iteratively the Fourier transform techniques to 
obtain the radiation pattern due to both contributions. In 
order to have the spillover appropriately modelled, the 
size of the spillover grid must be chosen to produce an 
illumination tapper lower than -30 dB on the edge of the 
equivalent lens-array. 
The algorithm is based on a planar aperture model 
of the lens and is then valid for the design of 
transmitarray antennas yielding a desired radiation 
pattern. Furthermore, in this work it has been shown that 
its use can be extended to the synthesis of pixelated 
dielectric lenses, made up of square dielectric slabs of 
variable height, as long as the phase range is limited to 
360 degrees so that the lens can be considered quasi-
planar. The comparison of algorithm results and GO 
simulations of dielectric lenses shows both the efficiency 
of the algorithm to achieve the desired pattern and the 
good agreement of simulations with the algorithm 
results. Small discrepancies may be attributed to 
diffraction and shadowing effects on the dielectric lens. 
 
 
Fig. 7. 3D isoflux pattern obtained from phase-only 
synthesis algorithm. 
 
 
Fig. 8. Cut 𝑢 = 0 for isoflux pattern. 
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